1. Abiotic variables are critical drivers of succession in most primary seres, but how their influence on biota changes over time is rarely examined. Landslides provide good model systems for examining abiotic influences because they are spatially and temporally heterogeneous habitats with distinct abiotic and biotic gradients and post-landslide erosion. 2. In an 18-year study on 6 Puerto Rican landslides, we used structural equation models to interpret the changing effects of abiotic influences (landslide dimensions, slope, aspect, elevation, parent material and related soil properties) on seed plants (density and diversity), tree fern density, scrambling fern cover, canopy openness and soil development (nitrogen, soil organic matter, pH and cation exchange capacity). 3. Seven years after landslide formation, catchment size (the landslide area above the point of measurement) was the key abiotic factor influencing plants. The larger the catchment the greater was the diversity and density of seed plants. Conversely, the smaller the catchment the greater was the density of tree ferns and the cover of scrambling ferns. 4. Eighteen years after landslide formation, landslide slope was the key abiotic influence. The greater the slope, the lower was the density and diversity of seed plants and the greater was the scrambling fern cover. 5. Aspect, particularly east-facing slopes exposed to wind disturbances, positively influenced tree fern densities at both 7 and 18 years and negatively influenced seed plants and scrambling ferns at 18 years. Soils were least developed, that is, had lowest soil nitrogen and organic matter concentrations, after 18 years on steep slopes (like seed plants); soils were most developed near landslide edges, on hurricane-exposed slopes (like tree ferns) and where there were high soil potassium concentrations. 6. Synthesis. Abiotic variables have important influences on plant succession on landslides and the relative influence of different abiotic variables changes with time. Improved predictability of temporal dynamics will rely not only on understanding the effects of initial disturbances and subsequent biological responses but also on the different and changing influences exerted by each abiotic variable.
Introduction
Understanding successional trajectories following disturbances remains a challenge for ecologists because of the spatial heterogeneity of the disturbed surfaces and the temporal variability of ecosystem responses (Turner et al. 1998; Johnstone et al. 2010) . The initial abiotic conditions and subsequent biotic responses are the variables most often studied, but a more comprehensive approach recognizes the shifting importance of both abiotic and biotic variables throughout succession (Bishop et al. 2010) . Several approaches can identify key factors that drive succession. First, the examination of freshly denuded surfaces that undergo primary succession is ideal for determining the relative influence of abiotic variables because such surfaces lack the influence of a biological legacy (Platt & Connell 2003) , which can obscure abiotic influences in secondary succession (Cramer & Hobbs 2007) . Secondly, direct observations of change are generally more accurate than chronosequences that rely on assumptions about temporal dynamics (Walker et al. 2010a) . Thirdly, the examination of gradients of disturbance severity, common in primary seres, provides another useful framework to understand the relative importance of abiotic vs. biotic influences (Turner 2010) . Finally, the application of recent improvements in analytical models, combined with traditional long-term monitoring, can further elucidate the temporally variable influences of drivers of successional change. We used these four approaches to help interpret the role of abiotic variables on plant succession and soil development on landslides in Puerto Rico.
Landslides are excellent habitats in which to analyse multiple drivers of primary succession because they are numerous, spatially heterogeneous with distinct abiotic gradients, subject to post-landslide erosion and well studied (Sidle & Ochiai 2006; Restrepo et al. 2009; Shiels & Walker in press; Walker & Shiels 2013) . Landslides in tropical, humid climates have additional advantages because succession occurs more rapidly than in most other primary seres (full canopy closure within 50-100 years ; Guariguata 1990; Walker et al. 1996) . Landslides are typically triggered by intense rainfall (Larsen & Simon 1993) , earthquakes (Sidle & Ochiai 2006) , volcanoes (Schuster 2001 ) and a variety of human activities such as road construction, urbanization and mining (Larsen & Parks 1997) . The mountainous regions where landslides occur are often highly dissected, encompass multiple geological substrates and have a variety of slopes and aspects. Landslides contribute substantially to landscape heterogeneity (Geertsema & Pojar 2007; Elias & Dias 2009) , in part through post-landslide erosion ) and in part because of the distinct groups of organisms that colonize landslide scars. A number of studies have examined the role of abiotic Shiels, Walker & Thompson 2006; Lepore et al. 2012) and biotic (Walker et al. 2010b) variables that drive plant succession on <10-year time-scales on tropical landslides, but there has been no direct examination of the importance of multiple abiotic variables on longer-term development of plant communities on landslides and associated changes in soil nutrients and soil organic content. Integrating short-term mechanisms into an understanding of long-term dynamics (Hobbs & Suding 2009 ) is both useful to explain succession and soil development and desirable to restore ecosystem functions (Walker, Vel azquez & Shiels 2009 ) and landscape heterogeneity (Dislich & Huth 2012) .
A M O D E L T O D E T E R M I N E T H E I N F L U E N C E S O F A B I O T I C V A R I A B L E S O N L A N D S L I D E S U C C E S S I O N
Based on previous studies of tropical landslides (particularly in Puerto Rico), we developed a series of hypotheses about a suite of abiotic factors that we predict may be responsible for plant succession (measurements taken in 1995 and 2006; Fig. S1 ). Evaluation of the relative contribution of each variable to 18 years of successional change was assessed with structural equation models (SEMs), which examine networks of causal relationships among factors (Grace 2006; Bellingham & Sparrow 2009) . SEMs are particularly useful in situations where there is substantial prior knowledge about the system or the potential for variable biotic responses to abiotic conditions (Spitale, Petraglia & Tomaselli 2009 ). Abiotic predictor variables for landslide succession include both spatial features of landslides (area, length, distance to top and edge, catchment, slope, aspect) and soil conditions (parent material, particle size, and soil phosphorus [P] and potassium [K] concentrations). Catchment is the area (m 2 ) within a landslide above a given plot boundary from which sediments are likely to erode into the plot (Larsen, Torres-S anchez & Concepci on 1999) . Catchment was mostly influenced by distance to edge and top of a landslide. We explain below our reasons for choosing each of these variables as important predictors for landslide succession. Conceptual a priori models to test hypotheses for positive (+) or negative (À) relationships on Puerto Rican landslides between quantified environmental variables and seed plants (S) and ferns (F; tree ferns and scrambling ferns). Directions of hypothesized relationships ('+' or 'À') were identical among both seed plants and ferns except as indicated. Models were tested for vegetation parameters in 1995 and 2006 (7 and 18 years after disturbance, respectively). Two-way arrows indicate correlation.
The size of a disturbance (area, length) and position of measurement (catchment) are critical variables influencing succession both on landslides Myster, Thomlinson & Larsen 1997; and in other types of gaps (Dietze & Clark 2008) . Many landslides have vertical gradients from steep, nutrient-poor slip faces at the top (Elias & Dias 2009) , to central chutes with moderate soil nutrient concentrations (Vel azquez & G omez-Sal 2007) , to deposition zones where nutrient-rich sediments accumulate (Guariguata 1990; Cruden & Varnes 1996) . A large catchment therefore generally implies a position near the base of a large landslide, often in the fertile deposition zone. Plots closer to the landslide edge have smaller catchments than plots towards the centre of the landslide. Edge and centre plots may differ in abiotic (e.g. soil nutrients, soil temperatures, canopy openness; Myster & Fern andez 1995; Fetcher et al. 1996) and biotic (e.g. seed rain number and diversity; Walker & Neris 1993; Myster & Fern andez 1995) conditions. We hypothesized that landslide area and length positively affect catchment and that larger catchments (plots located near the base and centre of a landslide) would have more positive effects on seed plant density and diversity (as proxies for succession; Fig. 1 ) and soil development and foliar nutrients (Fig. S1A ) than smaller ones.
Slope can influence short-term landslide succession Wilcke et al. 2003; Sidle & Ochiai 2006; Shiels et al. 2008) , particularly by its association with post-landslide erosion . We hypothesized that slope would negatively affect seed plant development (Fig. 1) . We also hypothesized that foliar nutrients (nitrogen [N] and P concentrations; Fig. S1A ) would respond favourably to increased catchment and negatively to increased slope because of the more fertile soils found in the lower, flatter zones of landslides (Guariguata 1990) . Aspect may also influence plant succession on landslides, particularly when disturbances come from a consistent direction. In Puerto Rico, the dominant weather patterns come from north-easterly trade winds and south-easterly hurricanes (Scatena & Larsen 1991; Larsen & Torres-S anchez 1998) . We therefore hypothesized that easterliness (east-facing aspect) is negatively associated with seed plant density and diversity and soil development in Puerto Rico, but positively associated with scrambling fern cover, due to potential wind damage (Boose, Foster & Fluet 1994; Cordero, Fetcher & Voltzow 2007) . However, moisture-bearing winds may instead accelerate forest recovery (Crk et al. 2009 ).
The effects of abiotic influences on tree fern density, scrambling fern cover and canopy openness were also included in our SEM models. Based on studies examining these response variables (Dalling & Tanner 1995; Shiels et al. 2008; Walker et al. 2010b) , we hypothesized that ferns (tree fern density and scrambling fern cover; Fig. 1 ) and canopy openness (Fig. S1B ) would be negatively affected by catchment and positively affected by steep slopes and easterliness. Although both tree ferns and scrambling ferns colonize open areas, they tend to be displaced by seed plants in the lower zones of landslides with the largest catchment and least canopy openness and tend to be most abundant on steeper, less fertile substrates (Negishi et al. 2006) . Reduced competition may also make ferns more likely to dominate wind-damaged slopes.
The parent material from which landslide soils are derived can have a large influence on nutrient accumulation (Zarin & Johnson 1995) and plant succession . For example, in the mountains of north-eastern Puerto Rico, soils are either of volcaniclastic or of dioritic origin (Larsen, Torres-S anchez & Concepci on 1999; Shiels & Walker in press) . Soils derived from volcaniclastic parent material are less erosive , have lower sand and higher clay content (Guariguata 1990; Shiels et al. 2008 ) and higher soil P (Shiels 2006 ) than dioritic soils. The main source of K in Puerto Rico is from sea salt aerosols deposited via rain (McDowell et al. 1990) ; K is then retained (particularly in clay-rich soils) against high leaching rates by plants and soil organisms (Lodge 1987; Silver et al. 1994) . Clay content, N, P and soil organic matter (SOM) were positively correlated with plant growth on several landslides in Jamaica (Dalling & Tanner 1995) and Puerto Rico Shiels, Walker & Thompson 2006; Shiels et al. 2008) . Soil conditions also vary within landslides, with highest concentrations of nutrients and associated soil organisms in lower than upper zones (Li et al. 2005) . Based on the above studies, we hypothesized that parent material, through its positive influence on clay and soil P, and aerosoldriven K, will have a positive effect on soil N concentration, SOM and cation exchange capacity (CEC) and a negative effect on soil pH (Fig. S1A) .
Tests of our predictions about landslide succession were based on data from direct sampling (1-3 times per year) of six Puerto Rican landslides over an 18-year period. Because most other studies of landslide succession have focussed on biotic influences and responses (Shiels & Walker in press; Walker & Shiels 2013) , in this study we emphasized the differential effects of abiotic influences on plant functional groups and related ecosystem parameters. Most of our predictions about the roles of specific abiotic variables were verified, but we found unexpected temporal variation in the influences of abiotic variables on landslide succession.
Materials and methods

S T U D Y A R E A
The study was conducted on 6 landslides located between 370-650 m a.s.l. in the Luquillo Experimental Forest (LEF) in eastern Puerto Rico (18°15-19′ N, 65°47-50′ W). The landslides, formed in 1987-1988, reflected the variation in area, elevation, slope, aspect and parent material among landslides in the LEF (Table S1 ), but they were all characterized by freshly exposed mineral soil surfaces with < 2% plant cover when the study began in 1988. The landslides all occurred in the subtropical wet forest zone (Ewel & Whitmore 1973) , where surrounding mature forest is 20-25 m tall and dominated by Dacryodes excelsa (tabonuco) and Prestoea acuminata var. montana (sierra palm). Mean annual precipitation is 3455 mm, and mean monthly temperatures range between 21 and 25°C (Brown et al. 1983) . The most powerful hurricanes to affect the LEF during our study were Hurricanes Hugo (1989) , Hortense (1996) and Georges (1998) . The soils in the Río Espíritu Santo drainage (around the research station El Verde in the north-western part of the LEF; landslides ES1, ES2, ES5, ES10) are a complex of upland Ultisols and Oxisols (Zarzal-Cristal complex; Soil Survey Staff 1995) of volcanic origin and are mostly well-drained clays and silty clay loams. Soils in the upper Río Blanco drainage (in the south-eastern part of the LEF; landslides RB2, RB9) are poorly drained quartz diorite (Seiders 1971) . The dioritic soils can be c. threefold lower in N, sandier and more erosive than the volcaniclastic soils . These 6 landslides are the subset of 16 landslides further described by Myster & Walker (1997) that were both large enough and stable enough to include in this 18-year data set. Taxonomic nomenclature follows Liogier (1985 Liogier ( -1997 and Proctor (1989) .
S T U D Y D E S I G N
On each landslide, 3-6 transects were positioned perpendicular to the long, down-hill axis of the landslide at 10-m intervals starting 10 m from the top of the slip-face (at the forest/landslide boundary). At random intervals along each transect, we placed between two and nine rectangular 2 9 5 m permanent plots on the exposed soil that were oriented with the long side along the down-hill axis. The numbers of transects and plots depended on the width and length of the landslide but were designed to maximize the sampled area (between 15 and 24 plots per landslide). The plots and transects thus represented a range of habitats including the steep slip-face at the top of each slide, the chute or central zone and the landslide edges. The deposition zone near the bottom of each slide was not included because most were missing due to river erosion and removal from roadways.
Vegetation measurements began in June 1988 for ES1, October 1988 for ES2 and January 1989 for the remainder of the landslides (each date was 6-13 months after landslide formation) and were repeated every 4-7 months for 18 years (36 total measurements; 1988-2006) on ES1 and ES2. On the remaining 4 landslides, vegetation measurements were less frequent over the same 18-year period (every 4-7 months from 1988-1992, annually from 1992 to 1997, in 1999, and in 2006) . During the first 2 years, care was taken not to introduce mycorrhizae, seeds or organic soil into the landslide plots by cleaning our boots prior to sampling. At each sampling date, we counted and identified stems of all seed plants and tree ferns (exclusively Cyathea arborea (L.) Sm.; a single-trunked species that does not have a creeping rhizome; henceforth 'tree ferns') that were ! 1 m tall and rooted in each plot. We also estimated the combined cover (in 6 classes: < 1%, 1-5%, 6-25%, 26-50%, 51-75% and > 75%) of scrambling ferns Gleichenella pectinata (Willd.) Ching (formerly Dicranopteris pectinata) and Sticherus bifidus (Willd.) Ching (formerly Gleichenia bifida) (henceforth 'scrambling ferns') in a 1 9 2 m subplot within the lower edge of each larger plot.
S E M M O D E L S
We used structural equation modelling (SEM; AMOS version 18.0.0; AMOS Development Corporation 2009) to examine the likely direct and indirect drivers (i.e. environmental variables) of plant and soil development on all six landslides. Before analysis, abiotic drivers and abiotic and biotic response variables were log-transformed as required to meet assumptions of normality. We present standardized path coefficients for three SEMs: (i) a 1995 model that represented vegetation ; length was maximum distance in metres from top to bottom; distance to top of the landslide was from the base of each plot; distance to edge of the landslide was from the midpoint of the bottom of each plot. Catchment was the estimate of the area in m 2 of the landslide surface above each plot that could erode into the plot; this value was similar for plots among transects but reduced by edge effects (see Larsen, Torres-S anchez & Concepci on 1999 and Walker & Shiels 2008 for relative merits of various catchment estimates). Elevation (m a.s.l.) was taken at the lowest transect on each landslide. Slope was the average for the entire landslide. Aspect (easterliness) was calculated using the sine of the radian to adjust aspect of each landslide along an east-west gradient (high values to the east) that represented influence from the hurricanes and trade winds, which arrive mostly from the east in Puerto Rico. Parent material was either volcaniclastic (assigned a value of one) or dioritic (value of zero). Further soil analyses were made on each landslide from five surface soil samples (0-10 cm) taken on 8-12 August 2006 from the corners and centre of each plot and pooled for analysis. Percent sand and clay were determined by the hydrometer method (Sheldrick & Wang 1993) ; available P (Olsen) and available K (Mehlich III) were also analysed (Gavlek et al. 2003) .
Response variables used in the SEMs included three vegetation variables related to plant succession (seed plants, tree fern density, scrambling fern cover) and three related ecosystem parameters (foliar nutrients, canopy openness, and soil development). Seed plants (Table  S2) included mostly trees (n = 41 species), but also one shrub, one vine and one herb. 'Seed plants' was used as a latent variable (i.e. a variable not measured directly but estimated from several variables predicted to comprise the latent variable) in the SEMs to account for the following four variables that were highly correlated: (i) stem density, (ii) species diversity (Shannon's Index; H′), (iii) species richness (S) and (iv) species evenness (E = H′/lnS). Tree ferns are dispersed by spores and do not reproduce vegetatively; therefore, stem densities were measured annually from 1995 to 1999 (except 1998) and 2006 in all plots on all the landslides (except ES2, where counts were only made in 1995 and 2006). Scrambling ferns rarely reproduce by spores, but do spread vegetatively through rhizome branching and indeterminate leaf growth, so estimates of scrambling fern cover were made at the same time as seed plant stem counts at each sampling date. Foliar nutrients of live and senesced tree fern leaves were measured once in August 2006 as a latent variable that included the highly correlated P and N concentrations (Kjeldahl analysis; Alpkem Corporation 1992) . No other plant species were sufficiently common and widespread to obtain samples for foliar nutrient analyses. Canopy openness was determined from hemispherical photographs taken at 1.5 m off the ground at the centre of each plot on 8-12 August 2006 with a Nikon Fisheye Converter Lens (FC-E8; 0.219) and a Nikon Cool Pix 950 digital camera. The images were analysed using Gap Light Analyser Version 2 software (Frazer, Canham & Lertzman 1999 ) to obtain per cent canopy openness.
'Soil development' was a latent variable (sampled as described above) because it included the following highly correlated variables: (i) pH, (ii) percent SOM (determined by combustion), (iii) CEC (Ross 1995) and (iv) total Kjeldahl N. Soil N concentrations were deter-mined from samples taken in 2000 because detection levels used in 2006 were not sufficient in 31% of the samples to record low values (comparisons of values from plots with data from both years were significantly positively related; R 2 = 0.74).
SEM variables were measured at various spatial scales (landslide, transect or plot). Landslide-level measurements included area, length, elevation, slope, aspect and parent material; transect-level measurements included distance to the top, distance to the base, leaf N and P concentrations and litter N and P concentrations; plot-level measurements included sand, clay, soil K, soil P, catchment, seed plant characteristics (stem density, evenness, richness, H′), soil development factors (N, SOM, CEC, pH), tree fern stem density, scrambling fern cover and canopy openness. Significance (P 0.05) was adjusted using the appropriate degrees of freedom for measurements at landslide (d.f. = 5), transect (d.f. = 23) and plot and subplot (both d.f. = 107) levels.
F I N E -S C A L E T E M P O R A L P A T T E R N S
On the two landslides with the most frequent observations (ES1: four transects; ES2: five transects; 1988-2006), we examined additional variables not included in the SEM models: the development of canopy height, changes in total stem densities, densities of the 3 most abundant seed plants and diversity of seed plants ! 1 m tall. For tree ferns on ES-1 between 1991 and 1995, we assessed height growth, leaf number, leaf production and leaf longevity on the largest individual ! 1 m tall in each plot that had tree ferns (n = 18 plots). Tree fern heights were measured from a nail inserted into the trunk within 50 cm of the ground to the base of the lowest expanding leaf. Tree fern leaf number, production and turnover were monitored by placing colour-coded tags on each new leaf during each visit.
Results
P A T T E R N S O F S U C C E S S I O N A C R O S S S I X L A N D S L I D E S
None of our SEMs were significantly different from the conceptual a priori model after deleting all non-significant paths. When highly significant standardized path coefficients (P 0.001) were selected for 1995 plus 2006 vegetation measurements (Table 1 ) and soil development, foliar nutrients and canopy openness in 2006 (Table S3) , only 2 of 18 coefficients deviated from the expected direction of response. This outcome suggests the validity of using SEMs to highlight which variables are most relevant for prediction of plant succession and soil development, when there is a substantial preliminary data base and results are cautiously interpreted within both local and landscape contexts.
In the 1995 SEM model (7 years after landslide formation), catchment size had the strongest and positive influence on seed plants ( Fig. 2a ; standardized path coefficient = 0.93; P < 0.001; greater density and diversity of seed plants on larger catchments). The most critical influences on catchment size were landslide length and distance from each plot to the top of the landslide. Parent material also positively influenced seed plants (P < 0.001; greater density and diversity of seed plants on volcaniclastic than on dioritic parent material). Slope (range: 20-33°) had a slightly negative effect on seed plants (P = 0.001; the less the slope the greater the density (Fig. 1) after deleting all non-significant paths. and diversity of seed plants). Tree fern density (Fig. 3a) was negatively affected by catchment size (P < 0.001; more tree ferns at the tops than bottoms of landslides) and positively by easterliness (P < 0.001; more tree ferns on east-facing landslides). In addition, tree fern density was positively affected by parent material (P = 0.024; more tree ferns on volcaniclastic soils than on dioritic soils) and negatively affected by slope (P = 0.048). Scrambling fern cover (Fig. 4a) was also negatively influenced by catchment (P < 0.001) but positively by slope (P < 0.001; more scrambling fern cover on steeper slopes), while easterliness had no strong influence (P = 0.30).
In the 2006 SEM model (18 years after landslide disturbance), only slope had a strongly significant (P 0.001) and negative influence on seed plant density and diversity, and its standardized path coefficient was much greater (À0.81) than in 1995 (Figs 2a and b) . Catchment size still had a positive influence on seed plant density and diversity in 2006 (P = 0.018), but its standardized path coefficient (0.36) was much less than in 1995. By 2006, the effect of parent material was the opposite of that in 1995 (P = 0.017; Figs 2a and b; greater density and diversity of seed plants on dioritic than volcaniclastic parent material). Easterliness also had a negative influence on seed plants in 2006 (P = 0.041; greater density and diversity on westerly or leeward aspects). Although both easterliness and parent material still influenced tree fern stem density in 2006 (P = 0.009 and 0.040, respectively, Fig. 3b ), their influences were weaker than in 1995. Scrambling fern cover in 2006 (Fig. 4b) was positively affected by slope (P < 0.001; higher cover on steeper slopes), negatively affected by easterliness (P < 0.001; lower cover on east-facing than on west-facing landslides) and positively affected by parent material (P < 0.001; higher cover on volcaniclastic soils). Slope and distance to edge both had strong negative influences on foliar nutrient concentrations (P < 0.001; Fig. S2A ; lower leaf and litter N concentrations but higher leaf and litter P concentrations on steep slopes and in plots near landslide edges in 2006). Easterliness has a weakly negative influence on foliar nutrients (P = 0.036; higher values on leeward west-facing slopes). Canopy openness (Fig. S2B) was positively affected by slope (P < 0.001; the steeper the slope the more open the canopy) and distance to edge (P = 0.022) but negatively affected by catchment size (P = 0.002). (Fig. 1) after deleting all non-significant paths. Fig. S3; total N, SOM, pH, CEC) was positively associated with available soil K and easterliness (both P < 0.001) and catchment size (P = 0.014) and negatively influenced by slope and distance to edge (both P < 0.001; less soil development on steep plots in the centre of landslides).
Soil development in 2006 (
In the difference model (Fig. S4) , both 1995 seed plant characteristics (À0.87) and 1995 tree fern densities (À0.37) were negatively correlated with the changes in seed plants during the 11-year period between 1995 and 2006. Changes in seed plant characteristics included increases in stem density, evenness, richness and H′. Plots with high seed plant density or diversity and high tree fern density in 1995 experienced fewer changes in seed plant characteristics between 1995 and 2006 than plots with low values in 1995.
When the six landslides were compared for soil and foliar measurements, all measured parameters differed significantly (P < 0.05) among landslides except soil P concentration, clay and sand, suggesting high soil substrate heterogeneity across the landscape (Table S1 ). Among those parameters that did differ among landslides, ES1 had the highest absolute values for soil N concentration, soil K concentration, SOM, CEC and pH, as well as for leaf and litter N concentrations. Leaf and litter P concentrations were highest on RB2, and canopy openness was highest on ES10. Either RB2 or ES10 had the lowest values for most other parameters.
F I N E -S C A L E T E M P O R A L P A T T E R N S
When 2 landslides (ES1 and ES2) were assessed for 20 years, canopy height developed rapidly after landslide formation in 1987, and it continued to increase during the course of the study on ES1 to about 16 m in 2008 (Fig. 5a ), whereas canopy height appeared to be stabilizing at about 8 m on ES2 (Fig. 5b) . Successive hurricanes caused only minor fluctuations in these overall trends. Seed plant woody stem densities also varied by landslide, with several peaks between hurricanes on ES1 (Fig. 5c ) and only one peak on ES2 (Fig. 5d) . Seed plant diversity (H′) remained fairly stable on both landslides, with slight post-hurricane increases on ES1 (Fig. 5e ) but no obvious increases on ES2 (Fig. 5f ), probably due to large variation among transects. A closer examination of the three most abundant woody stems on each landslide indicated high mortality of Cecropia schreberiana from damage sustained during Hurricane Hugo (1989) on ES1 (Fig. 5g) , pronounced increases of Piper glabrescens and less pronounced increases of Psychotria berteriana following Hurricanes Hugo and Georges (1998). On ES2 (Fig. 5h) , stem density of both Cecropia schreberiana and Psychotria berteriana peaked within several years of landslide formation while density of Prestoea acuminata var. montana increased slowly during the study period.
Tree ferns (Cyathea arborea) colonized both ES1 and ES2 landslides with stem densities ranging from 0.06 to 0.72 stems m À2 in 1996. On ES1, tree fern stem densities peaked in 1992 (4 years after landslide formation) at 0.82 stems m
À2
( Fig. S5) (range: 11-21). The rapid turnover resulted from the short leaf life spans of tree ferns; 50% of tree fern leaves lived only 3-7 months and few survived > 7 months, while some leaves died after only 2 months (L. Walker, personal observation).
Discussion
During primary succession, abiotic variables associated with the initial conditions after a disturbance do not exert constant influences on the development of vegetation. Instead, our study shows that the relative influence of different abiotic variables on successional processes changes with time. The net result is a spatially and temporally variable pattern of resources for colonists of landslides (Rebertus & Veblen 1993) and strong linkages between abiotic drivers and biotic responses during the first two decades of plant succession and soil development (Restrepo et al. 2009) .
A B I O T I C I N F L U E N C E S
Catchment size and slope were the most substantial abiotic influences of plant succession, although aspect and parent material were also important ( Table 1 ). The effects of each of these influences differed according to plant life-form and changed with time. The influence of catchment size was most pronounced after 7 years (1995) and of slope after 18 years (2006) . Catchment size, which incorporates the distance from each plot to the landslide top and edge, influences the colonization of seed plants in that plot (Walker & Neris 1993; Shiels et al. 2008) . Catchment size was positively associated with seed plant biomass, as demonstrated on a landslide in Nicaragua (Vel azquez & G omez-Sal 2008) , because large catchments generally include the flattest, most stable regions of a landslide and small catchments are relatively more influenced by steep, unstable regions of a landslide than are large catchments (Guariguata 1990; Walker et al. 1996; Myster, Thomlinson & Larsen 1997) . Small catchments in our study and elsewhere (Dalling 1994; Negishi et al. 2006 ) supported tree ferns and scrambling ferns. However, these patterns are not universal, as various life-forms were found in multiple landslide microhabitats in New Zealand (Mark et al. 1964) , including woody seed plants on the uppermost, steepest slopes. The sharp decline in the influence of catchment size on all life-forms on Puerto Rican landslides between 7 and 18 years after landslide formation highlights how its influence is strongest during the earliest stages (< 7 years) of colonization and is ameliorated by biotic factors as succession proceeds. Slope had a strong positive influence on scrambling fern cover 7 years after landslide formation, and this was still the case after 18 years. Slope had a strong negative influence on seed plants after 18 years, which suggests that there is a negative correlation between plant size (ground-covering ferns vs. taller tree ferns and trees) and slope (Walker & Shiels 2013) . Canopy openness was also greatest on steep slopes at the centre and top portions of landslides after 18 years, probably reflecting patterns of seed plant colonization or growth. While the effect of slope on scrambling ferns was fairly constant, its effect -on seed plants (as measured by standardized path coefficients in SEMs) -increased fourfold during our study, while the influence of catchment decreased threefold. Walker et al. (1996) proposed that colonization of landslides by seed plants and scrambling ferns reflected both substrate stability (inversely related to slope) and nutrient availability, but subsequent studies have indicated that duration of slope stability (e.g. the influence of post-landslide erosion; Lundgren 1978; ) and the form and availability of nutrients (e.g., soil vs. leaves; Shiels, Walker & Shiels et al. 2008) are also important, particularly in early succession. Evidence for a link between slope and nutrients was found in our study, where flatter slopes were associated with tree fern leaves containing high concentrations of N. Our landslide-level data on slope did not account for plot-level variation within each landslide, and we did not sample the full range of slopes because most landslides lacked deposition zones. Nevertheless, slope clearly had an influence on landslide succession that was dynamic and dependent on differential biotic responses to slope stability and accumulations or losses of soil and nutrients.
The aspect of landslides in the LEF relates to the greater prevalence of moisture-bearing trade winds that come from the north-east. Episodic hurricanes and smaller storms embedded in the trade winds (e.g. tropical waves and depressions) also come primarily from the east and north-east (Larsen & Torres-S anchez 1998) but sometimes from the north-west (Boose, Foster & Fluet 1994) . We expected that seed plants would respond negatively to more exposure to these easterly weather systems because most of the seed plants that colonize landslides are pioneers with high relative growth rates and low wood density (Chave et al. 2009 ) that are prone to damage and mortality during storms (Curran et al. 2008) . Consistent with this explanation, seed plants were more negatively associated with easterliness in 2006 than in 1995, possibly because of the effects of Hurricanes Hortense and George (see Fig. 5 ). We expected that scrambling ferns would respond positively to more exposure to hurricanes, given their low stature and pioneer status on landslides and other frequently disturbed habitats (Walker & Sharpe 2010) . Their unexpected negative response to easterliness after 18 years may be due to shading by tree ferns. Finally, we did not have clear expectations for tree fern responses to aspect. Tree ferns are also common pioneers on disturbed surfaces, but they have large leaf surfaces and an erect growth form, leading to potentially adverse effects of hurricanes (Bellingham, Tanner & Healey 1995) . Tree ferns were most dense on east-facing slopes after 7 years, but that relationship became less clear after 18 years, perhaps due in part to the hurricanes during our study period. Our results contrast with Myster, Thomlinson & Larsen (1997) , who found higher structural complexity on LEF landslides facing south-east, but their five aspect categories focussed on north-west-south-east comparisons, and they pooled tree ferns and Cecropia trees in their structural complexity categories, making direct comparisons with our study difficult. Our results also contrast with Crk et al. (2009) , who suggest that forest recovery is fastest on northwest to north-east-facing slopes in the LEF, due to moisturebearing north-east trade winds. This moisture source may have favoured the early dominance by tree ferns on east-facing slopes. Hence, because landslide aspect results in different impacts from both moisture and hurricane regimes in the LEF, it is a significant abiotic influence comparable to catchment and slope, even when applied to plot-level plant characteristics. The influence of aspect changes with time, and this change is likely to be commensurate with periods of frequent tropical disturbances.
Parent material had a highly significant effect on seed plants 7 years after landslide formation, that is, higher density on the clay-rich and more fertile, volcaniclastic soils than on the less fertile, dioritic soils. This result supports several studies that show the importance of parent material for plant composition in Puerto Rico, at least for the early stages of primary succession (Myster, Thomlinson & Larsen 1997; Shiels 2006; Shiels et al. 2008; . However, after 18 years, seed plants were slightly less dense and diverse on volcaniclastic than on dioritic soils. In contrast, ferns, unaffected by parent material after 7 years, were slightly (tree ferns) to strongly (scrambling ferns) more dense on volcaniclastic soils. This changing influence of parent material may reflect early and vigorous colonization of fertile soils by seed plants, followed by self-thinning and competitive dominance and a more gradual colonization of ferns on fertile soils.
The strongest drivers of soil development (as measured after 18 years by soil N concentration, SOM, pH and CEC) were slope, soil-available K concentration, distance to edge and aspect. There was less soil development on steep slopes, probably due to the prevalence of post-landslide erosion, a common feature on landslides ) and a major concern of landslide risk assessment (Espizua & Bengochea 2002) . Soil development was least furthest from landslide edges; hence, the proximity of forested edges is important not only for plant colonization of landslides (Walker & Neris 1993) but also for soil development. Leaf litter fall, sloughing of fertile soil from the edges, root growth and vegetative expansion can all influence landslide soils (Shiels & Walker in press) .
The positive effect of easterliness on soil development may be related to the vegetative response to aspect (denser tree ferns after 7 years but lower scrambling fern cover after 18 years on east-facing slopes). Tree fern litter decomposes more rapidly than some other early successional species (Shiels 2006) , but scrambling fern litter is relatively slow to decompose (Maheswaran & Gunatilleke 1988; Russell, Raich & Vitousek 1998 ). In addition, east-facing (windward) slopes likely receive more inputs of aerosol K, Ca, Mg and Na (McDowell et al. 1990) and maybe N (Asbury et al. 1994) , thereby potentially increasing soil development directly, or perhaps indirectly by increasing tree fern densities (Vitousek et al. 1995; Richardson & Walker 2010 ).
B I O T I C I N F L U E N C E S
Succession is influenced by a combination of abiotic and biotic factors, even in primary seres following severe disturbances such as landslides. Although our focus here is on the often overlooked changes in abiotic influences, we also found evidence of the importance of biotic influences on succession. The primary influences on the changes in seed plant characteristics between 7 and 18 years after disturbance were seed plant characteristics and tree fern stem densities from 1995. These influences were both negative, indicating that where densities of seed plants or tree ferns were highest at 7 years, least change occurred in the subsequent 11-year interval; most change occurred where 7-year densities were lowest. Competition by early landslide colonists, including thicket-forming forbs, can inhibit woody plant colonists for several decades (Walker et al. 2010b) . Tree ferns can successfully inhibit landslide succession because of their capacity to monopolize nutrients (Tanner 1985; Richardson & Walker 2010 ) and produce copious leaf litter. Leaf turnover rates of the tree ferns recorded on ES1 are higher than any previously reported for tree ferns (Walker & Aplet 1994) . Interestingly, scrambling ferns often inhibit succession as well (Slocum et al. 2004 ), but did not emerge as important biotic drivers in our model. With the diverse array of potential landslide colonists representing several life-forms (Table S1 ), life cycles and competitive abilities, many successional trajectories are possible. These trajectories are also influenced by both the broader abiotic gradients discussed in this paper (e.g. aspect) and the local physical conditions determined by the severity of the disturbance (e.g. SOM), although we suspect that succession is not the result of a temporally hierarchical set of responses (Myster, Thomlinson & Larsen 1997 ), but rather develops from the simultaneous interaction of all abiotic and biotic variables.
F I N E -S C A L E T E M P O R A L P A T T E R N S
Species-specific responses on two intensively monitored landslides (ES1 and ES2) that share the same age, elevation and general location (0.8 km apart) show inconsistent responses by the same suite of colonizing species. These inconsistencies are not only apparent in terms of different successional trajectories on each landslide, but also in terms of the effects of subsequent disturbances caused by three hurricanes. Plant canopies on ES1 reached double the height of those on ES2, but stem densities and species diversity were more similar in magnitude between the two landslides. The taller vegetation on ES1 was more affected by hurricanes than on ES2, particularly with the dramatic loss of its dominant Cecropia schreberiana cover during Hurricane Hugo in 1989 (cf. Brokaw 1998 . Differential responses among landslide colonists to multiple abiotic drivers (e.g., landslides and hurricanes) therefore increase spatial heterogeneity at landscape scales.
Species diversity is often but not always (Hughes et al. 2007 ) altered by disturbance. A typical response is an initial loss of species (Hooper et al. 2005) , sometimes followed by a rapid recovery to pre-disturbance levels of diversity. Recovery rates can be related to life histories, with fast-growing, pioneer species responding more rapidly than mature forest species Shiels et al. 2010) . Recovery rates can also be influenced by the nature of the disturbance. Landslide diversity in this study increased most rapidly as the bare surfaces were colonized, but also responded positively, although not as rapidly, to subsequent hurricane disturbances. Differences in hurricane responses between ES1 and ES2 suggest that higher hurricane-induced mortality on ES1 was followed by post-hurricane increases in diversity, whereas hurricane effects on ES2 were relatively muted. A similarly muted response was found following Hurricane George for forest understorey species in the LEF (Royo et al. 2011) . Large variations in species diversity (and stem density) among plots on ES2 obscured any consistent patterns of plant responses to hurricanes. Scrambling ferns continued to dominate the uppermost transect on ES2, in contrast to the development of 5-to 8-m-tall trees on the remaining transects. Despite their physical proximity, similar soil type and similar elevation, ES1 and ES2 had distinct patterns of stem density and diversity responses to the initial landslide and subsequent hurricanes.
Conclusions
We investigated the relatively unexplored importance of abiotic influences for 18 years after initial landslide disturbances. We found expected responses of life-forms to catchment and slope (more seed plants than ferns in large catchments with flat slopes) and related responses of soil development and foliar nutrients (enhanced on flatter slopes and on plots closer to landslide edges) and canopy openness (reduced on flatter slopes). The dynamic nature of biotic influences and responses in succession is well-established (Dietze & Clark 2008) , but the role of abiotic influences can also change with time. We found that the importance of relatively stable abiotic conditions such as catchment size, slope, aspect and parent material changed during succession. Shifts in biotic responses, including specific life-form affinities to topographic features, have long-term influences on successional trajectories and landscape-level patterns of spatial heterogeneity. Biotic influences were also important in our study, as shown by the influence of the plant communities in 1995 on those that developed during the 1995-2006 interval. Our study provides evidence that abiotic influences on succession do not exert constant influences, but instead can change in their relative influence and importance based on changing responses of the biota. Projections for increased hurricane intensity and frequency may mean more landslides and/or slower landslide recovery in the future (Bender et al. 2010) , so it is critical to further our understanding of biotic responses to abiotic disturbances. Our results point to the necessity of an adaptive approach to landslide stabilization efforts, because biotic responses to abiotic variables change over time. 
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